Aqueous oil extraction is a process which replace organic solvent, hexane is most used in solvent extraction, with water. Comparing to typical solvent extraction and expelling processes, the aqueous extraction has higher oil yield (over 80%) than expelling process and that is exempt the issues resulted from chemical loading and remaining. The enzyme was used to improve the breakdown of cell and release free oil. The enzyme assisted aqueous extraction process (EAEP) includes dehulling, flaking, extraction and demulsification processes. SuperPro Designer was used to conduct the techno-economic analysis (TEA) of the extraction process. The total capital investment, operation cost and profits were evaluated. For EAEP extraction, that uses insolubility of water and oil, hence that could extract oil and protein simultaneously which decreases the operation cost especially on oil purification process and increases the profits from main product, soybean oil, and coproduct mainly protein in skim. Additionally, the free chemical loading and enzyme recycling also decrease material costs. Though the facility costs might increase due to extraction and demulsification processing unit, the value-added coproduct and high free oil yield are potential to have economic feasibility in pilot scale production. Abstract.
Introduction
In industry, the process of oil extraction from oilseeds typically applies organic solvent extraction process such as hexane due to its cost-effectiveness and high yield over 95% (Li et al., 2006 , Sekhon et al.,2015 . However, that leads to some environmental and operational safety issues. Hence, the well-handled plant is required for the process and that results in high cost in investment. Otherwise, there is still the possibility that solvent could still remain in product which causes food safety and public health problems.
For reducing these substantial environmental and public health issues, aqueous extraction process (AEP) was investigated, which is a solvent-free extraction process uses water as extraction medium and can be used in various oilseeds (Rosenthal et al., 1996 . The APE process is based on the insolubility of oil in the extraction medium rather than its dissolution as in hexane extraction process, which causes the low free oil yield (Johnson & Lucas, 1983 , (Wu et al., 2009 . The presence of protein forms the emulsion in cream fraction which is the hurdle for recovering free oil, and that is the reason that the promising oil extraction rate is only 60% in the early AEP investigation ). Mass transferring is another critical factor for AEP, the raptured cell wall by extruding or flaking could increase oil extraction to around 71%. However, that is still quite lower than hexane extraction (Wu et al., 2009 , Jung & Mahfuz, 2009 ).
Enzyme-assisted aqueous extraction process (EAEP) is applied mainly in demulsification to increase the final yield as much as 90% by denaturing proteins and destabilzing the cream to release oil (Chabrand & Glatz, 2009 , Lamsal et al., 2006 . There are several kinds of enzymes have been used depending on different oilseeds and extraction conditions (Yusoff et al., 2015) . Moreover, the EAEP could extraction desired products (oil) and coproduct (fiber, protein) simultaneously, and there is no need to do post-processing for recovering oil such as degumming process in hexane extraction. For overcoming two major obstacles of solvent-free extraction process, the four stages of EAEP applied in soybean oil extraction was developed by de Moura et al., (2011) . That includes (1) mechanical pretreatment (dehulling and soybean flakes by extruding), (2) enzyme assisted aqueous extraction, (3) separation of cream and co-products and (4) demulsification of cream fraction to release free oil. Otherwise, the skim, containing enzyme, was recycled and reused in the extraction process to reduce the cost and increase the yields of oil and value-added coproducts.
According to prior studies based on oil conversion, those models can be regarded as a proper reference for Soybean is the main oil crop in the world, and it takes around 90% of U.S. oilseed production especially Illinois and Iowa (ERS, 2014) . According to advantages of EAEP, including environmental friendly process, no additional post processes for oil recovering and simultaneous extraction of co-products, the process has the potential to reduce environmental impacts lower capital investment compared to typical hexane extraction (Lucas et al., 1982) . The technology of EAEP was investigated and mentioned as above; however, the techno-economic analysis of EAEP was seldom and not well determined before. Based on the two stages integrated EAEP of soybean oil extraction, the material costs, operation costs, total capital investment are included in this TEA study. Additionally, the feasibility of upscale EAEP is also evaluated in this study according to the assessment of economic factors. As this TEA model for EAEP is built up, that could provide the useful information for soybean biorefinery industry applied in food or even bioenergy production.
Materials and Methods

EAEP Process
The EAEP process mainly includes dehulling, flaking, extrusion, water extraction, emulsification and centrifugation. In this study, the two stages of water extraction was used to improve the oil yield, and the liquid phase from the second stage water extraction was integrated back to the first stage of extraction to reduce the water consumption (Fig. 1) .
During the process, the soybean hulls can be separated by aspiration due to its light density property, and sold as animal feeds. Before extraction process, flaking is the essential step to break the cell wall of soybeans and to make substrate porous to improve the accesses for water and enzyme to contact with oil body (Domíguez et al., 1994) . Additionally, the further extrusion was used to enhance the action of enzyme on cell components as well, and the extrusion increased the surface area and the susceptibility of protein to enzyme and reduce the stability of the difficult-to-break oil rich emulsion (Lamsal et al., 2006) . In extraction process, the insolubility of water and oil was used, and the ratio of solid to liquid is 1:6 (de Moura et al., 2011) . After the extraction, the oil in water emulsion was formed, and the demulsification was enhaced by using protease to degrade olesion, which is the lipophilic protein surrounding lipid globules, to facilitate oil release (Rosenthal et al., 1996) . The skim from the first extraction and the final insoluble were regarded as coproducts, which can be used in corn based ethanol production. 
Computer Modeling
SuperPro Designer v9.0 (Intelligen, Inc., Scotch Plains, NJ) was applied to conduct the EAEP for soybean oil production. That allows the processing characteristic, equipment and economic parameters to be defined along with conditions, capacity and characteristic for each stream (Ngo et al., 2014 , Wood et al., 2014 . Based on the de Moure's research (2011), the 75 kg/hour of soybean input (pilot scale) was used as the base scale with 113.1 thousands kg of soybean oil annual production for scaling up to medium scale (17 million kg annual soybean oil production) and commercial scale (51 million kg annual soybean oil production), and the model is shown in Fig. 2 . The model was built for 15 years of service time, 30 months of construction period, 4 months of startup period, 35% income tax and 10 years of depreciation period with 5% salvage value of directed cost (Haas et al., 2006) . 
Assumptions
Fixed Costs
The fixed cost, which indicates the facility installed for producing stream includes total plant direct cost (TPDC), total plant indirect cost (TPIC), contractor's and contingency fee (CFC), startup cost and working capital which depends on the machine's purchase cost (PC). The purchasing cost of each machine was collected from the inventory record of the Center for Crops Utilization Research pilot Iowa State University (Table 1) and SuperPro designer v9.0 data base, and the 2015 price was calculated by inflation factor following the Eq. 1. Where Cc is the inflation adjusted price of equipment in current year; The Cp is the known cost of equipment in previous year; Ic and Ip are the inflation index factor for current year and previous year individually. Otherwise, the machine PC estimation for capacities scaling up was calculated by Eq. 2 following the power relationship, where PCp is the machine PC for the predicted capacity, and PCc is the machine PC of known capacity; n is the power used in estimation which is generally known as the six-tenths rule (n=0.6) (Peters et al., 2011) . However, the power (n) varies based on different types of machine, and the estimations of each operating machine are listed in Table 2 . Additionally, the machine PC is the basis for estimating the DFC of total producing stream. The TPDC, TPIC and CFC were estimated by multiplying the total machine purchasing price with different multipliers, which were the statistic number from chemical and enzymatic processes (Heinzle et al., 2006) (Table 3 ). Unlisted equipment* 0.6 201,000 627,000 777,000 *: Data collected from SuperPro v9.0 data base; +: Estimated by power relationship (Eq.2) based on pilot scale; and powers (n) were collected the research of Peters et al., (2011) . In this model, operating costs include raw material cost, labor cost, facility maintenance cost and utilities. Soybean and water are the main resources for EAEP oil extraction, and sodium hydroxide and protex 6L are used in extraction and demulsification processes. Electricity was used as the energy resource; steam and cooling water were used as heat transfer agents in the process. Additionally, the labor costs were also considered in the modeling. The unit cost input of materials, utilities and labor are listed in Table 4 . (2016) For labor costs, the soybean handling processes including cracking, aspiration, tempering, flaking and extrusion were operated by agricultural machine operators; the water extraction, demulsification and oil separation including centrifuging and discanting were operated by extraction workers. The labor requirements for each process equipment were between 0.1-1 (workers/unit/shift) which were as well listed in Table 5 , and a shift is 8 hours typically. However, the relationship between labor requirements and the capacity of production is also not linear, and a 0.2-0.25 power of the capacity ratio is typically applied in plant scale-up (Peters, et al., 2011) . In this study, a 0.25 power was used for the optimal estimation. Additionally, the laboratory quality control and assurance cost were also considered which were set as 15% of total labor cost (TLC) (Heinzle et al., 2007) . These labor requirement indexes were set based on different machine (Ulrich, 1984 ,Peters, et al., 2011 Besides materials, utilities and labor costs, the machine maintenance, insurance and local tax were also included. However, these costs all depended on DFC, and they were estimated as 7%, 1% and 2% of DFC individually for chemical and enzymatic processes (Heinzle et al., 2007) .
Revenues
Soybean oil is the main product of the whole process, soybean hulls separated during aspiration is one of the coproduct of the EAEP. Additionally, the skim, generated from centrifugation after the water extraction, could be the material for the integrated cellulose ethanol production as water supply; the final insoluble fraction whose main component is soy fiber can be used as the fiber resources for cellulose ethanol production. Otherwise, the protex 6L was recycled to reduce material cost, and that could also be regarded as a saving credit. Therefore, the skim, final insoluble fraction were considered as the potential coproducts which was able to increase the revenues of whole process, and their selling prices are listed in Table 6 . Consequently, according to annual operating costs and annual revenues, the total profits were considered and the gross profit, gross margin percentage could be calculated based on Eq. 3 and Eq. 4. Also the net profit can be calculated including taxes and depreciation (Eq. 5), also investment (ROI) can be calculated based on net profit and total capital investment (Eq. 6).
Results and Discussions
Total Capital Investment
Total capital investment can be divided into direct fixed capital (DFC), working capital (WC) and start-up capital (SC). The purchased machine cost (PC) is the basis for total capital investment estimation, and that consists of main machines and unlisted machines, which includes motors, pumps and other auxiliary components. Otherwise, the PS is also the basis for total capital estimation. Table 7 shows the total capital investment of three scales of EAEP used in soybean production. The total plan direct cost (TPDC) includes installation, processing piping, instrumentation, insulation etc., and they were all estimated by machine purchase price (PC). These items also indicate the multipliers used for the cost estimation cover the instrumentation and control facilities including the labor and auxiliary cost for the establishment of whole production line. For indirect cost, that covers the planning, construction, organization etc. which indicates engineering and construction costs, and the estimations were based on TPDC. Besides direct and indirect costs, the contractor's and contingency fees are required to add to DFC which indicates the additional cost resulted from unexpected event during the project life time (Heinzle et al., 2007) . Before the plant starts to come to production stream, the validation processes are essential for all facilities, and that covers process, operation and installation qualification which all goes to start-up cost; moreover, during the start-up period, the consumption of raw materials, energy and consumables are counted as working capital. Therefore, these detailed costs are all covered in the total capital investment. According to the results of total capital investment for three scales, TPDC takes the majority of total investment around 45%; TPIC, CFC, WC and SC take around 29%, 11%, 13% and 4% of total capital investment individually. Comparing the total capital investment among these three scales, the capacities were 594,000 kg, 89,100,000kg and 267,300,000 kg of soybean handling with the total capital investment of $8,528,000, $24,957,000 and $31,153,000 respectively. Additionally, the total capital investment has a power of 0.213 relationship with the ratio of capacity scaling up (Fig. 3) , and the equation for scaling can be expressed in Eq. 7 where CIp and CIi indicate capital investment of predicted capacity and initial capacity individually. . 7
Operating Costs
Material, utility, labor related and facility related costs were considered in operating cost. However, the percentages of these costs had changed when the capacity was scaled up. Fig. 4 shows the breakdown of operating cost. In the small scale (0.113 millions), the facility cost took the most among all costs over 65 % which mainly came from facility maintenance fees. Labor and QA/QC costs were another critical resource of costs which almost achieved over 20% of total operating cost; the material was following after. By contrary, as the capacity was scaled up, the material cost had become the major component of operating cost over 80%, and others were below 10%. This results indicates the small capacity is much more facility and labor intense; in other words, the small scale has the least producing efficiency and same amount of labors could handle with more duty in the larger capacity. For material cost, as the capacity gets increased, the more materials are required to product more products. Therefore, the material cost become critical in larger capacity.
Fig. 4 Breakdown of operating cost Material Costs
Soybean and water are the main materials in EAEP for soybean oil production, and Protex 6L is the enzyme used to assist oil release. Otherwise, sodium hydroxide was used in pH adjustment during extraction and demulsification processes. The percentage of material usages in whole production stream were 8.17%, 30.68%, 60.45% and 0.7% for sodium hydroxide (10N), Protex 6L, soybean and water respectively. However, due to the different purchased fee of each material, the Protex 6L, which has the highest purchased fee of 19.42.$/kg, took over 30% of total materials cost (Fig. 5) . In utility cost, electricity is the main energy resource to function machines used in the production stream. Steam and cooling water were used as the heat transfer agents especially in evaporation and cooling processes. Fig. 6 represents the breakdown of utility cost of three scales. From the results, the usage percentage of electricity got decreased as the capacity was scaled though the increment was not obvious. For steam usage, as the capacity increased, the more steam were required during the processing. However, these electricity consumption did not follow the linear relationship as the ratio of capacity scaling up, and there is a power of 0.89 relationship (Eq. 8) between electricity usage and ration of capacity scaling up (Fig. 7) . And the Up and Ui indicate the electricity usages for predicted and initial capacities respectively. . 8
Labor Costs
In EAEP, that can be divided into two main processes, which were crops handling and extraction. For crops handling, it also can be regarded as the material preparation for the further extraction, and that included crop cleaning, drying, flaking, tempering and extrusion. For extraction, it included water extraction, demulsification and oil separation. Based on the assumption of the modeling, the agricultural machines workers were assigned to the crops handling process; and extraction worker were handling with extraction, demulsification and products separation. Fig. 8 illustrates the percentage of labor cost in different scale productions. From the results, the agricultural machine workers take over 50% of total labor costs in the small scale production; the extraction workers are the majority of labor costs in larger scale production. This result indicates that as the capacity increased to larger scale, the more extraction workers were required, and it is corresponding to the larger amounts of oil/water emulsion which are handled in larger amounts of oil production. It also reflects the enzyme assisted extraction requires skilled extraction workers reasonably. For labor QA/QC cost, it were estimated by the total labor cost (TLC) with 15%, and there were $65,000, $134,000 and $158,000 for 0.113, 17 and 51 millions kg of annual soybean oil productions. For Facility cost, it mainly came from machine maintenance fees, and they were $1,741,000 $5,635,000 and $8,437,000 for 0.113, 17 and 51 millions kg of annual soybean oil productions respectively.
Based on fixed, operating costs and the main product (soybean oil) annual production, the unit production costs of these three scales were calculated (Fig. 9) . According to the results, the unit cost gets decreased with a power of -0.33 when more soybean oil are produced. Soybean oil is the main product of EAEP, and coproducts included soybean hulls, skim and insoluble fiber. For soybean hulls, it were generated from aspiration process, and it can be sold as animal feeds. For skim and insoluble fiber, based on the assumption of this model, the oil extraction is the part of integrated cellulose ethanol production process, and the skim can be used as water supply and the protein content could help the further cellulose fermentation (Sekhon, 2015) ; the insoluble fiber can also be reused in the ethanol production. Therefore, these two materials were considered as the coproducts of the EAEP. However, protex 6L were recycled during the process to reduce operating cost; therefore, protex 6L was regarded as credit of whole oil production which is also the saving for the total operating costs. Table 8 shows the revenues from main product and each coproduct, the percentages in revenue of each product were presented as well. From the results, soybean oil takes around 24% of total revenues; the revenue from insoluble fiber takes over 70% due to it large amounts. Additionally, the coproducts for further integrated cellulose ethanol production take around 74%, skim and insoluble fiber. Therefore, it is obvious to see the oil production process especially using enzyme assisted process can not totally rely on the revenue from oil product. In other words, these co-products make themselves as the incentive for the oil extraction process.
However, the credits from enzyme recycled also reflects the high cost of enzymatic process again. If the enzyme was not recycles and reused, it would lead to high operating cost and it's pretty difficult to earn the profits from the production line. From the results, 0.113 millions annual oil production scales has negative gross profit, which indicate the production stream is unable to earn profits back to investment; however, the largest capacity is able to earn the profit with recycling all enzyme used in extraction and demulsification processes. Therefore, the small scale of the oil production using enzyme assisted method is quite economic unfeasible. As the scale is increased to commercial scale, the gross and net profit all have positive values, it indicates the production line is potentially profitable and economically feasible. Otherwise, according to these values, the breakeven point is located around 10 millions annual oil production.
Additionally, the gross margin and ROI can be calculated according to profit and capital investment and total revenues ( Table 9 ). The gross margin indicates the ratio between the gross profit and revenue; the ROI represents how the plant earn the investment back. According to the ROI, the payback time can be estimated (Eq. 9), which indicates how many years are required to earn profit back. From the results, that also indicates the 0.113 millions annual oil production is still losing money on the investment; however, the medium scale and the largest scales have the positive ROI, the payback times are 5.9 and 1.9 years individually. These results indicate these two larger production scales have profitable potential due to the shorter payback time within 15 years of service time. And, the production line can start earn profits at the 6 th and the 2 nd year. = 100 . 9 
Conclusion
EAEP is an innovative process of oil extraction. However, the operating is still the main problem to make it into practical production stream. As only the main product, soybean oil, does mainly be relied on, it could merely provide about 24% of total revenues. For improving the economic feasibility of EAEP, it could be regarded as the pretreatment of integrated cellulose ethanol production. Thus, the skim and insoluble fiber can be sold as the materials for further ethanol production to improve the profit of oil extraction process. Otherwise, the application of protex 6L is a critical issue for EAEP because it contributes large proportion of operating costs. Therefore, the recycling is an essential process and it also can be seen as another saving credit of operating costs to make EAEP more feasible in commercial scale operation. From the results of study, the small scale is way too difficult to be applied in the industry; however, the EAEP is the process which has the potential in the commercial scale to combine with further cellulose ethanol production.
